Background: Little information is available about the diagnosis and management of acute methotrexate (MTX)-induced encephalopathy. Results: Six of 754 (0.8%) patients with leukemia or lymphoma and 2 of 44 (4.5%) with bone sarcoma experienced acute encephalopathy within 2 weeks (median, 7.5 days) after receiving high-dose i.v. and/or intrathecal MTX. The signs and symptoms varied at presentation and during episodes: hemiparesis (eight patients, alternating from side to side in four), dysphasia (six), confusion/emotionality (six), headache (three), choreoathetosis (two), and seizure (two). All patients recovered after 1-7 days (median, 5.5 days). DWI revealed restricted diffusion in anatomic brain regions associated with the symptoms; changes on T2-weighted and fluid-attenuated inversion recovery (FLAIR) imaging were consistently less marked. After recovery, DWI findings were normal but T2 and/or FLAIR imaging usually showed residual abnormalities.
introduction Oral, i.v., or intrathecal (IT) methotrexate (MTX) are widely used for the treatment of pediatric cancer [1, 2] . High-dose MTX (HD MTX) with leucovorin rescue is used to treat osteosarcoma (8-12 g/m 2 ) and acute lymphoblastic leukemia (ALL) (£8 g/m 2 ). The toxic effects of MTX are myelosuppression, mucositis, nephrotoxicity, hepatotoxicity, and neurotoxicity with acute or chronic encephalopathy [3] [4] [5] [6] [7] [8] [9] . Acute encephalopathy generally develops within 5-14 days after IT MTX or HD MTX and may include headache, nausea, emesis, lethargy, altered mental status, blurred vision, aphasia, hemiparesis, and seizure. Chronic encephalopathy develops slowly, may progress, and can permanently impair neurologic function. Transient acute encephalopathy has been clinically observed in 3%-15% of cancer patients after HD MTX [4, 7, 8] . Most patients can resume MTX therapy without permanent neurological sequelae, although 10%-56% may experience recurrence on rechallenge [4, 7, 8] . The pathophysiology of MTX-induced acute encephalopathy is largely unknown but does not appear to be related to MTX pharmacokinetics [4] .
The optimal diagnosis and management of MTX-induced acute encephalopathy are not well established. We reviewed our pediatric cancer institution's experience during the past 6 years, including neurologic symptoms and signs, brain magnetic resonance imaging (MRI), clinical course, and MTX pharmacokinetic data.
methods patients and imaging
We searched the leukemia and solid tumor databases of St Jude Children's Research Hospital to identify children who had a diagnosis of MTX-induced acute encephalopathy from January 2000 to August 2006, when MRI with diffusion-weighted imaging (DWI) was routinely used to evaluate neurological symptoms. We included only patients whose neurological abnormalities occurred within 2 weeks after MTX administration and had no other identifiable cause as determined by the neurologist. Clinical and management information were obtained from the medical records. All neurological evaluations were carried out by a single neurologist and all neuroimaging studies were retrospectively reviewed by a single neuroradiologist experienced in neurologic complications of cancer. The study was approved by our Institutional Review Board.
pharmacokinetics
Pharmacokinetic data for all patients who received i.v. HD MTX were analyzed. Plasma concentration of MTX was measured before (to confirm absence of detectable MTX levels) and 6, 23, 42, and 72 h after the start of each 24-h continuous infusion of MTX and before and 4, 24, 48, and 72 h after the start of each 4-h infusion. The pharmacokinetic parameters were estimated with a maximum a priori Bayesian estimation algorithm with pediatric population priors as implemented in ADAPT II software [3, 10] . The MTX clearance rate was estimated as the volume of the central compartment times the elimination rate constant, and the area under the plasma concentration-time curve was estimated with concentration versus time data extrapolated from the estimated pharmacokinetic parameters.
results

patients
Of the patients who received any form of MTX from January 2000 to August 2006, 6 of 754 (0.8%) with leukemia or lymphoma and 2 of 44 (4.5%) with osteosarcoma or malignant fibrous histiocytoma met the study criteria (Table 1) . Their median age at the time of encephalopathy was 14 years. None had central nervous system tumor involvement or recent intake of steroids. Seven patients had no history of neurological disorders; patient 7 had experienced headache due to 
neurological symptoms
Neurological symptoms and signs (Table 2) arose 2-9 days (median, 7.5 days) after MTX administration and resolved after 1-7 days (median, 5.5 days). These manifestations varied and often waxed and waned. Headache or nausea/ vomiting was the initial symptom in three patients. All patients had stroke-like hemiparesis or bilateral weakness. Symptoms and signs progressed over a period of minutes to many hours. Four patients had alternating hemiparesis; as weakness resolved on one side, it developed on the other side. In patient 1, bilateral weakness evolved into hemiparesis. Six patients experienced expressive dysphasia and poor orofacial and lingual movement but had intact auditory comprehension and reading and writing ability. One patient with aphasia (patient 8) developed marked orolingual apraxia manifested as impaired swallowing (drooling) and an inability to open the mouth voluntarily. Six patients developed emotional lability ranging from inappropriate laughter to unprovoked crying, anxiety, and unresponsiveness. Two patients had choreoathetoid movements (bilateral flailing movements of arms and legs and intermittent writhing of the neck and trunk). Other manifestations were seizure (two patients), transient gait ataxia (one), and transient impaired vision (for 2 h) when the patient was disoriented (one).
management of encephalopathy
Four patients were treated with i.v. aminophylline and one with aminophylline and leucovorin. Seizures in patients 4 and 6 were treated with phenytoin and subsequently with gabapentin. Steroids were not used in any patient. The decision to resume MTX therapy was made by the treating physician after consideration of the severity of the encephalopathy, potential risks and benefits of resuming MTX, and patient/family preference. All four patients with ALL resumed MTX therapy; three received prophylactic leucovorin (with IT MTX) or aminophylline with subsequent HD MTX. Patient 3 developed severe headache after rechallenge with HD MTX, which was discontinued, and after IT MTX, which was continued uneventfully with leucovorin rescue. The remaining four cases (non-ALL) did not receive further HD MTX or IT MTX. Patient 5 had completed her planned HD MTX before the development of encephalopathy. None of the patients had apparent residual neurologic deficits.
imaging
Five patients had computed tomography (CT) scans of the brain shortly after the onset of neurologic symptoms; no abnormalities were seen. All eight patients had MRI, a median of 3 days (range, 0-5 days) after the onset of symptoms. All patients had conventional MRI with DWI; seven had T1 gadolinium contrast studies and six had MR angiograms. The gadolinium contrast studies and angiograms were normal, but in seven patients DWI revealed restricted diffusion of water within the cerebral deep white matter, at anatomic sites associated with the observed motor impairment (Table 2 and Figure 1 ). All five patients with alternating hemiparesis or bilateral weakness showed bilateral restricted diffusion in the white matter. The patient with transient impaired vision (patient 3) had restricted diffusion in the deep white matter of both cerebral hemispheres ( Figure 1) ; MRI findings were not consistent with posterior reversible encephalopathy syndrome and the patient did not have hypertension or seizure [11] . In the eighth patient (who had choreoathetosis), MRI 5 days after the onset of symptoms showed bilateral areas of increased diffusion in the putamina and caudate heads with a focus of T2 and fluid-attenuated inversion recovery (FLAIR) signal increase in the frontal periatrial white matter. This frontal focus also showed increased diffusion on DWI. The other patient with choreoathetosis had bilateral weakness, and MRI showed restricted diffusion in the centrum semiovale, corona radiata, and internal capsules. In all cases, concurrent T2-weighted and FLAIR imaging showed no abnormalities or abnormalities less marked than those on DWI. Seven patients underwent follow-up MRI after 1 week to 13 months (median, 5 months). The restricted diffusion had resolved in all six patients who had follow-up DWI, although minor signal abnormalities persisted on T2 and/or FLAIR in five patients. The increased diffusion initially observed in one patient showed improvement, although a small left frontal periatrial white matter signal persisted on T2 and FLAIR. 
MTX pharmacokinetics
discussion
In our study group, neurologic events occurred after HD MTX (12 g/m 2 ) alone (n = 2), after IT MTX alone (n = 2), and after combined HD MTX and IT MTX (n = 4), but not after low-dose MTX. Mahoney et al. [5] reported cumulative systemic MTX exposure, a high MTX : leucovorin ratio, and concurrent IT and i.v. MTX to be associated with acute neurotoxicity. Acute encephalopathy usually resolves within a week but may recur after MTX therapy is resumed [4, 7, 8] . In our study group, MTX was resumed only in the four ALL patients; three of these received prophylactic aminophylline or leucovorin, and only one had recurrence (headache after aminophylline prophylaxis).
The incidence of acute encephalopathy among patients who received MTX was 0.8% for leukemia/lymphoma and 4.5% for osteosarcoma or malignant fibrous histiocytoma. The higher incidence in the latter group may reflect the higher doses of MTX used to treat bone sarcoma. Dufourg et al. [13] recently reported that HD MTX doses of 1.5-8 g/m 2 MTX, methotrexate; C max , maximum plasma concentration; IT, intrathecal. Figure 1 . Patient 3, a 14-year-old girl being treated for T-cell acute lymphoblastic leukemia, had experienced headache for 4 days. She underwent MRI on day 4, when alternating hemiparesis, dysphasia, and confusion were observed (A) and again 5 months later (B). At presentation (A), T2-weighted and FLAIR images were near normal, but diffusionweighted imaging (DWI) showed restricted water diffusion in the deep white matter of both cerebral hemispheres and low signal on apparent diffusion coefficient (ADC) map (arrows). At follow-up (B), a small focal signal abnormality was apparent in the left periventricular white matter on T2 and FLAIR, while DWI revealed increased diffusion (arrowheads). The diffuse supratentorial white matter areas of restricted diffusion had returned to normal.
original article Annals of Oncology and age >10 years were associated with acute encephalopathy in children with ALL. Age ‡10 years was also associated with transient encephalopathy in another study in pediatric ALL [4] , although this effect remains unexplained. Seven of our eight patients were older than 10 years, and four of the six who were assessable had delayed systemic MTX excretion and required additional leucovorin. The tendency toward lower MTX clearance in adolescents may contribute to the age risk, although no significant relation between MTX pharmacokinetic parameters and encephalopathy has been detected [4] . Previously reported manifestations of acute MTX neurotoxicity include headache, confusion, disorientation, seizure, and focal neurologic deficits [4] [5] [6] [7] [8] [9] . All of our patients experienced paresis, and four had alternating hemiparesis, indicating sequential involvement of both frontal lobes or connections. The symptoms evolved over minutes to many hours, progressing, resolving, and involving ipsilateral or contralateral brain areas. Six patients developed dysphasia but retained language comprehension and could read and write, consistent with cortical sparing shown by imaging studies, and patient 8 had marked orolingual apraxia. The gradual evolution and waxing and waning of symptoms were described by Walker et al. [7] and is similar to that associated with migraine. Although the pathophysiologic mechanisms are unclear, slow waxing and waning of neurologic symptoms indicates progressive depolarization of neuronal and axonal membranes (as in migraine-associated cortical spreading depression) rather than vascular occlusion [14] . Generalized choreoathetoid movements in two patients were associated with bilateral involvement of the basal ganglia in one and restricted diffusion in the frontal and parietal subcortical white matter in the other. Acute injury or disruption of the basal ganglia or their connections can reportedly cause such manifestations [15] . The occurrence of choreoathetosis indicates that gray matter may be vulnerable to MTX acute toxicity.
The mechanism of MTX-induced acute encephalopathy remains unclear. MTX promotes release of adenosine from fibroblasts and endothelial cells [16, 17] , and elevated adenosine has been demonstrated in CSF after MTX therapy. High adenosine levels dilate cerebral blood vessels, modify the release of pre-and postsynaptic neurotransmitters, and may slow the discharge rate of neurons. Thus, adenosine release may contribute to the pathophysiology of acute MTX neurotoxicity. Aminophylline displaces adenosine from its receptor sites [17] . Of six patients treated with aminophylline by Bernini et al. [17] , four had complete resolution of MTX-induced neurotoxicity. Five of our eight patients received aminophylline, but its efficacy is difficult to ascertain. Winick et al. [18] reported that the incidence of encephalopathy was reduced from 19.5% to 0% by giving leucovorin 24 and 36 h after completion of low-dose oral MTX (four doses, 6 h apart) and IT MTX. Further study is warranted to determine whether a decreased MTX : leucovorin therapeutic ratio can reduce the incidence of MTX neurotoxicity.
Conventional CT scans, T1-or T2-weighted MR imaging, and angiography have failed to show consistent abnormalities that characterize MTX-induced neurotoxicity [4, 7, 8] . Recently, however, diffusion-weighted MRI has shown restricted diffusion of water in the brains of patients with ALL who experienced stroke-like events after IT MTX [19] [20] [21] . DWI derives its image contrast from the Brownian motion of water [22] [23] [24] . Restricted diffusion is hypothesized to represent the reduction of such motion along axons as a result of cytotoxic edema. Our patients had extensive bilateral evidence of restricted diffusion that cleared after resolution of their clinical symptoms. T2-weighted and FLAIR MRI continued to show residual focal abnormalities in six patients with no detectable neurological sequelae. Increased diffusion was observed in one patient, who was first imaged 5 days after the onset of symptoms, when restricted diffusion may have resolved. Although we did not identify neurological sequelae in our cases, the significance of minor residual T2 and FLAIR abnormalities in six patients is unknown. These patients did not receive detailed neurocognitive assessments; however, the clinical outcome of acute encephalopathy is favorable in general.
We believe that all patients who experience encephalopathy after MTX therapy should undergo DWI as part of a diagnostic MR examination. MTX-associated acute encephalopathy syndrome can be confidently diagnosed when DWI shows areas of restricted diffusion across multiple vascular beds and involving deep cerebral white matter, in the clinical context of waxing and waning neurological signs and symptoms. Follow-up DWI typically shows resolution of restricted diffusion. 
